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We compare the sensitivity of a recent bound on time variation of the fine structure constant from
optical clocks with bounds on time varying fundamental constants from atomic clocks sensitive to
the electron-to-proton mass ratio, from radioactive decay rates in meteorites, and from the Oklo
natural reactor. Tests of the Weak Equivalence Principle (WEP) also lead to comparable bounds on
present variations of constants. The “winner in sensitivity” depends on what relations exist between
the variations of different couplings in the standard model of particle physics, which may arise from
the unification of gauge interactions. WEP tests are currently the most sensitive within unified
scenarios. A detection of time variation in atomic clocks would favour dynamical dark energy and
put strong constraints on the dynamics of a cosmological scalar field.
Recently a stringent limit on a possible time variation
of the fine structure constant α has been obtained from
direct comparison of optical frequencies in an Al/Hg ion
clock [1]:
d lnα/dt = (−1.6± 2.3)× 10−17y−1. (1)
Furthermore, by comparing different atomic transitions
over years in the laboratory one can put stringent bounds
on the time variation of the electron-proton mass ratio
µ ≡ me/mp [2]. A recent evaluation [3] of atomic clock
data gives
d lnµ/dt = (1.5± 1.7)× 10−15y−1. (2)
Within quantum field theory such time variations can
be associated to the time evolution of some scalar field
[4, 5]. They are a typical feature of quintessence cos-
mologies [6], where a dynamical dark energy arises from
a time-varying scalar field. Its coupling to atoms or pho-
tons results in “varying fundamental constants” [7, 8].
The connection between cosmologically evolving scalar
fields and varying couplings has been explored in various
theoretical frameworks [9, 10, 11, 12, 13, 14].
There are also bounds on possible variations over cos-
mological periods, ranging from nucleosynthesis [15] to
observations of molecular and atomic spectra at high red-
shift [16, 17]. The most restrictive such astrophysical
bound arises from observations of the ammonia inversion
spectrum at z = 0.68 [18]. However, to compare such
bounds with present-day experimental limits would re-
quire information about the time evolution of the scalar
field, and its couplings to atoms and photons, over a sub-
stantial range in redshift [19]. Thus extrapolations to the
present-day variation are strongly model dependent.
However, for more recent “historical bounds”, concern-
ing nuclear decay rates in meteorites [20] and isotopic
abundances in the Oklo natural reactor [21, 22, 23] the
time span to the present is short on cosmological scales.
Thus, a linear interpolation in time is meaningful in most
theoretical models. By modelling nuclear reactions oc-
curring in the Oklo mine about 1.8× 109 years ago, one
can bound the variation of α over this period. For a lin-
ear time dependence, one derives a conservative bound
[23]
|α˙/α| ≤ 3× 10−17y−1. (3)
Note that this result concerns varying α only. If other
parameters affecting nuclear forces, in particular light
quark masses, are allowed to vary, we incorporate the
resulting uncertainty by multiplying the bound (3) by
a factor three. However this procedure, which assumes
the absence of “fine tuned” cancellations of effects from
variations of various couplings, is somewhat arbitrary.
The change of decay rates of long-lived α- and β-decay
isotopes in meteorites may be sensitive probes for a re-
cent (over the last 4 billion years) variation of constants.
The best bound concerns β-decay of 187Re in meteorites
which formed about 4.6 × 109 years ago. With a linear
interpolation the fractional rate of change of the decay
rate λ187 is bounded by [20, 24]
d lnλ187/dt = (−7.2± 6.9)× 10
−12 y−1, (4)
and we find for the decay rate dependence on fundamen-
tal parameters [25]
∆ ln(λ187/mN ) ≃ −2.2×10
4∆ lnα−1.9×104∆ ln(mˆ/mN )
+ 2300∆ ln(δq/mN)− 580∆ ln(me/mN ). (5)
HeremN is the average nucleon massmN = (mp+mn)/2,
mˆ the average light quark mass mˆ = (mu +md)/2, and
δq = md −mu the light quark mass difference.
In this Letter, we compare the sensitivity of the bounds
(1), (2), (3), (4), and also compare these with the sensi-
tivity of bounds on the violation of the Weak Equivalence
Principle (WEP). Such comparisons involve assumptions
2about relations between the variations of different cou-
plings of the standard model of particle physics. The
comparison with WEP bounds will also use cosmological
constraints on the time evolution of a scalar field.
Unification of gauge interactions. A comparison be-
tween variations of different couplings becomes possible
given certain relations resulting from a theory of grand
unification (GUT) [25, 26], with a unified coupling con-
stant αX and GUT breaking scale MX . The unification
of the electromagnetic and strong gauge couplings relates
a variation ofmN/MX to a variation of α. The other cru-
cial parameter is the variation of the Fermi scale given by
the vacuum expectation value of the Higgs doublet 〈φ〉.
Different assumptions for this variation define different
scenarios for coupling variations in GUTs. We consider
variations in the set of “fundamental” parameters
Gk = {GN, α, 〈φ〉,me, δq, mˆ}, (6)
where GN is Newton’s constant. All couplings with non-
zero mass dimensions are measured in units of the strong
interaction scale ΛQCD which we may keep fixed. To a
good approximation we can replace ΛQCD by mN , such
that a relative variation ∆ lnme denotes a variation of
the mass ratio ∆ ln(me/mN ).
We consider the thesis that relative variations of the
parameters Gk are proportional to one nontrivial vari-
ation with fixed constants of proportionality. Here, we
are concerned only with the evolution over a recent cos-
mological period z . 0.5. If the variation of the unified
gauge coupling ∆ lnαX (away from its present value) is
nonvanishing, we may write
∆ lnGk = dk∆ lnαX (7)
for some constants dk which depend on the specific
GUT model. If αX does not vary, we consider instead
∆ ln〈φ〉/MX on the RHS of this equation. We will as-
sume here constant Yukawa couplings, i.e.
∆ ln
me
MX
= ∆ ln
δq
MX
= ∆ ln
mˆ
MX
= ∆ ln
〈φ〉
MX
. (8)
This leaves three independent “unification coefficients”
whose choice will define the grand unified scenarios:
∆ ln
MX
MP
= dM l, ∆ lnαX = dX l,
∆ ln
〈φ〉
MX
= dH l, ∆ ln
mS
MX
= dSl. (9)
Here mS is a typical mass scale for supersymmetric part-
ners, for scenarios with supersymmetry. Depending on
the GUT scenario, either l = ∆ lnαX (dX = 1) or
l = ∆ ln〈φ〉/MX (dH = 1). The different scenarios in-
vestigated here are displayed in Table I. The parameter
γ˜ ≡ dH/dX describes variation of 〈φ〉/MX , which is es-
sentially a free parameter, given theoretical uncertainties
in any relations between the Fermi scale and the unifica-
tion scale. Scenarios 2S, 4 and 6 contain superpartners.
Scenario l dM dX dH dS αX
2 αX 0 1 0 0 1/40
2S αX 0 1 0 0 1/24
3 〈φ〉/MX 0 0 1 0 1/40
4 〈φ〉/MX 0 0 1 1 1/24
5, γ˜ = 42 αX 0 1 42 0 1/40
6, γ˜ = 70 αX 0 1 70 70 1/24
6, γ˜ = 25 αX 0 1 25 25 1/24
TABLE I: Unified scenarios
Error on d lnX/dt (10−15y−1)
Scenario X Al/Hg Clocks (µ) Oklo 187Re WEP
α only α 0.023 - 0.033 0.32 6.2
2 αX 0.027 0.074 0.12 0.015 0.007
2S αX 0.044 0.12 0.19 0.026 0.012
3 〈φ〉/MX 12.4 2.6 54 0.53 0.33
4 〈φ〉/MX 1.78 6.2 7.7 1.2 0.35
5, γ˜ = 42 αX 0.024 0.42 0.11 0.069 0.013
6, γ˜ = 70 αX 0.016 0.30 0.070 0.049 0.008
6, γ˜ = 25 αX 0.027 0.25 0.12 0.056 0.011
TABLE II: Competing bounds on present time variations. For
each scenario we give the 1σ uncertainties of null bounds on
d(lnX)/dt in units 10−15y−1. The column “Clocks” results
from atomic clock bounds on µ, the recent Al/Hg limit [1] on
α variation being treated separately. The Oklo bound on α
variation is rescaled as discussed in the text.
We also will consider a (non-unified) scenario where only
α varies. For each scenario the variations of all funda-
mental parameters Gk can be expressed in terms of one
varying GUT parameter (either ∆ lnαX or ∆ ln〈φ〉/MX),
via the coefficients dk derived in [25], thus variations of
different parameters (at similar times or redshifts) may
be compared.
In Table II we compare the precision of bounds on frac-
tional variations of the fundamental parameter in each
scenario (α, αX or 〈φ〉/MX). The lowest number in-
dicates the most sensitive bound. Considering Al/Hg,
other clocks, Oklo and the 187Re decay from meteorites,
if only α varies, atomic clock experiments are already
the most sensitive, surpassing the previous best bound
from the Oklo reactor. If only the unified coupling αX
varies, the meteorite bound is still somewhat stronger
than atomic clocks. The same holds if only the ra-
tio 〈φ〉/MX varies. For combined variations of αX and
〈φ〉/MX in scenarios 5 and 6, the “sensitivity winner”
is again the laboratory bound. Thus, laboratory experi-
ments have now reached the sensitivity of the “historical”
bounds; a modest further increase in sensitivity, espe-
cially for variations of µ, will make them the best probes
in all scenarios.
Quintessence and violation of the WEP. Table II
shows a further competitor for the “sensitivity race”:
bounds on possible violations of the Weak Equivalence
3Principle. In quantum field theory, any time variation of
couplings must be associated to the time evolution of a
field. This field may describe a new “fundamental parti-
cle”, or stand for the expectation value of some compos-
ite operator. We consider the simplest hypothesis, that
the field is a scalar, such that its time-varying expecta-
tion value preserves rotation and translation symmetry
locally, as well as all gauge symmetries of the standard
model. We may identify this scalar field with the “cos-
mon” field ϕ of dynamical dark energy or quintessence
models. In these models the cosmon field contributes a
homogeneous and isotropic energy density in the Uni-
verse, leading to dynamical dark energy [6]. A time vari-
ation of fundamental couplings is a generic prediction
of such models [7]. Alternatively the scalar could also
be cosmologically insignificant because it contributes too
little to the energy density [9]. We treat both scenarios
within the same framework of a dynamical cosmon. They
are then only distinguished by a different fraction of the
cosmological energy density Ωh attributed to the scalar
field.
The cosmon couples to the Standard Model particles
or fields. Typically its coupling is not precisely propor-
tional to the mass of test particles, and therefore the cos-
mon mediates a “fifth force” violating the universality of
free fall. Two test bodies b, c with different composition
will experience different accelerations towards a common
source, due to their generally different “cosmon charge”
per mass. The deviation from the universality of free fall
is given by the differential acceleration or Eo¨tvo¨s param-
eter η:
ηb−c ≡ 2
ab − ac
ab + ac
, (10)
where ab, c are the accelerations of the two test masses
towards the source. The cosmon couplings to atoms and
photons determine both the outcome of tests of the WEP,
and the time variation of “constants” in recent cosmologi-
cal epochs including the present. This is the basic reason
why WEP tests and bounds on time-varying couplings
variations can be compared for sensitivity. For this com-
parison one needs additional information on the rate of
change of the expectation value of the scalar field, since
an observable time variation involves both the cosmon
coupling and its time derivative. The latter can be ex-
pressed in terms of cosmological observables, namely the
fraction in dark energy contributed by the cosmon, Ωh,
and its equation of state, wh, as ϕ˙
2/2 = Ωh(1 + wh)ρc.
Here ρc = 3H
2M2P is the critical energy density of the
Universe.
Thus the differential acceleration η can be related to
the present time variation of couplings and to cosmolog-
ical parameters. Taking the fine structure constant as
varying parameter, we find [19, 27, 28] at the present
epoch
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. (11)
Scenario α only 2 3 4 5, γ˜=42 6, γ˜=70 6, γ˜=25
F (Be-Ti) −9.3 10−5 95 -9000 -165 -25 -26 41
TABLE III: Values of F for a WEP experiment using Be-Ti
masses, in different unified scenarios.
The “unification factor” F encodes the dependence on
the precise unification scenario (defined in Tab. I) and
on the composition of the test bodies. The values of F
were computed in [19] for the Be/Ti test masses used
in the best current test of WEP [29] and are shown in
Table III.
Once F is fixed, the relation (11) allows for a direct
comparison between the sensitivity of measurements of η
with measurements of α˙/α from laboratory experiments,
or bounds from recent cosmological history, such as from
the Oklo natural reactor or the isotopic composition of
meteorites, provided we can use cosmological information
for Ωh(1 + wh). The most stringent test of WEP gives
η = (0.3± 1.8)× 10−13 (12)
for test bodies of Be and Ti composition [29], with the
gravitational source taken to be the Earth. We will as-
sume initially that the time varying field is responsible for
the dark energy in the Universe: then the cosmological
observations imply Ωh ≃ 0.73 and wh ≤ −0.9.
The resulting WEP bounds on the time variation of
α, or of the appropriate unified coupling, are displayed
in the last column of Tab. II. For all unification scenar-
ios these bounds are the most severe. At present, clock
experiments win the “sensitivity race” only if α is the
only time-varying coupling. Varying only α is not a very
plausible scenario in the context of electroweak unifica-
tion and perhaps grand unification.
WEP bounds become even more restrictive if the scalar
field plays no significant role in cosmology. In this case
Ωh is small, say Ωh < 0.01. Even for substantially larger
1+wh, saywh = 0, the product Ωh(1+wh) will not exceed
the maximal value for the cosmon, Ωh(1 + wh) . 0.07.
The relevant limit is actually an observational bound on
the scalar kinetic energy, and therefore on |ϕ˙|, indepen-
dent of the precise scalar model and assumptions on its
overall role within cosmology. More severe restrictions
on Ωh(1 +wh) – usually expressed as limits on wh – will
further enhance the sensitivity of the WEP bound for
time varying couplings.
The converse argument is equally strong: if a time vari-
ation of the fine structure constant is observed close to
the present limit, most unification scenarios can be ruled
out. Only scenarios with a value |F | . 10 would re-
main compatible with the WEP bounds. In view of the
different scenarios investigated here this would require
a certain tuning of parameters dk in Eq. (7) to achieve
a small differential coupling of the cosmon in the WEP
test with Be/Ti masses. Further precise tests with mate-
rials of different composition will make it even more dif-
ficult to “hide” the cosmon coupling to photons needed
4for α˙/α 6= 0 from detection in the WEP tests. Any de-
tection of a time variation in µ in atomic clocks close to
the current best sensitivity would be even harder to rec-
oncile with WEP tests. In this case the varying electron
and/or proton masses are due to the cosmon couplings
to electrons or protons, which are directly probed in the
WEP experiments.
A detection in atomic clock experiments of a nonzero
coupling variation near the present experimental bounds
would put important constraints on cosmology. Firstly,
it would require some field to be evolving in the present
cosmological epoch. No such candidate field is present
in standard ΛCDM cosmology where a cosmological con-
stant determines dark energy. Clearly, a time variation
of couplings would rule out the minimal ΛCDM model.
Dynamical dark energy models with a time-varying field
that couples to photons and atoms would be favoured.
Furthermore, a combination of time-varying couplings
with present WEP bounds on η would provide a lower
bound on the kinetic energy of this field. In case of a
scalar field we find the bound
Ωh(1 + wh) & 3.8× 10
18F (∂t lnα)
2η−1
max
. (13)
Here ∂t lnα is given in units of y
−1, and ηmax ≃ 1.8 ×
10−13 is the current experimental limit on the differen-
tial acceleration of test bodies of different composition.
Thus, if |∂t lnα| is nonzero and not too small, wh can-
not be arbitrarily close to −1 (a cosmological constant);
nor can the contribution of the scalar to the dark en-
ergy density be insignificant. The precise bound depends
on the “unification factor” F , which depends on the dif-
ferent scenarios of unification and also depends on the
composition of the experimental test bodies. For a rea-
sonable lower bound |F | > 10 a value |α˙/α| = 10−17y−1
would imply Ωh(1+wh) > 0.02, yielding wh > −0.97 for
Ωh = 0.73. Clearly, there would be a competition be-
tween laboratory (atomic clock plus WEP) lower bounds
and cosmological upper bounds on wh.
The race for the best bounds on the present time vari-
ation of fundamental couplings is open, independently
of other possible interesting observations of varying cou-
plings in early cosmological epochs. The precision of
WEP-bounds on η and atomic clock bounds on α˙/α and
µ˙/µ is expected to increase. Laboratory experiments will
then be clearly more sensitive than “historical bounds”
from meteorites or the Oklo natural reactor. At present
the WEP bounds are leading in the race; the future will
show which experimental approach is more sensitive. The
largest restrictive power or the largest discovery poten-
tial arises from a combined increase in sensitivity of both
WEP and clock experiments. Their mutual consistency,
as well as consistency with cosmological bounds, places
severe restrictions on the underlying models in case of a
positive signal.
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